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Bacterial species Bacillus subtilis exhibits various colony patterns in response to two environmental parameters, i.e., concentrations of nutrient C n and agar C a in a thin agar plate as incubation medium. 2, 3) They are observed in the regions of morphological diagram labeled as A-E in Fig. 1 .
2) If C n is low and C a is high (region A), colony patterns exhibit tipsplitting growth with diffusion-limitted aggregation (DLA)-like ramified structures. In fact colony growth in this region can be explained by the DLA model. 4) Increasing C n with C a fixed high (region B), they exhibit round shape with Edenlike rough interface. If C n is high and C a is low (region D), they look macroscopically disk-like. The colony growth in this region was found to be consistent with the solution of two-dimentional Fisher's equation.
5) Decreasing C n with C a fixed in-between (region E), they show highly branched structures reminiscent of dense-branching morphology (DBM). Finally, in the region C, colonies exhibit concentric-ring patterns which are produced through alternate migration and consolidation by bacterial cells.
In order to explain these observations various reactiondiffusion models have already been proposed. [6] [7] [8] [9] They are, however, not very successful in that they can reproduce only some of the observed patterns such as DLA-like and DBMlike. MSM tried to make a unified model to reproduce all of the observed patterns. They assumed that bacterial cells consist of two types, active and inactive cells, based on experimental observations of colony growth. 10) They proposed the following MSM model:
where u is the population density of active cells, w that of inactive bacterial cell, v the nutrient concentration, and positive constants, and d the diffusion rate of active bacterial cells normalized by that of nutrient. According to experimental observations, 2, 3) as C a is increased, bacterial cell motility decreases monotonously, while the nutrient diffusivity is not influenced so much. Hence, the diffusion rate d can be considered to be approximately proportional to C The numerical results for this case, summerized as the morphological diagram, are shown in Fig. 3 . In fact, as seen in this figure, five kinds of colony patterns were successfully reproduced in this case.
If comparison is made carefully, however, the diagram in Fig. 3 with experimental ones shown in Fig. 1 , locations of regions B and C are reverse in these diagrams. The bacterial colony can expand its own interface through two mechanisms; 2,3) a random cell migration via flagellum and a spontaneous cell division. In the region B, the first mechanism is suppressed by a high agar concentration, so that the interfaces expand mainly by the second mechanism.
11) Selection of the mobile mechanism by the enviromental factor (e.g. C n and C a ) explains the lack of concentric-ring pattern. On the other hand, in the region D the colony smoothly expands through both of the two mechanisms.
5) And a concentric-ring-like colony in the region C is produced through alternate periods of the second mechanism only like in the region B and the simple expansion like in the region D.
12) The location of the region B in the right side of C, as seen in Fig. 3 , which we think is inherent in the MSM-like models, is inconsistent with the experimental observations described above. Hence, we conclude that Eden-like growth in Fig. 3 does not correctly express real dynamics of Eden-like one in Fig. 1 .
The interface instability is originated from the nonlinear
Then this has some similarity to that of Kardar-Parisi-
We consider that originally a smooth interface through the effect of a term Áu becomes unstable by the nonlinear diffusion ðruÞ 2 , which leads grobally round shape to locally rough interface in the present model, just as the KPZ model. However, the interface growth observed experimentally in the region B in Fig. 1 seems to be highly nonlinear, and the self-affine analysis of interface roughness 11) indicates clear difference from that of the KPZ model. This suggests that the MSM model is not sufficient to explain experimental observations, even if nonlinear diffusion is incorporated.
Moreover, the MSM model 1) does not precisely explain concentric-ring-like colonies of Bacillus subtilis because the nutrient concentration dependences of spacing and periodicity for the concentric-ring-like patterns and, in particular, vertically narrow region C obtained in experiments 12) are so different from those of the MSM model. Nevertheless, we think that the MSM model is surprisingly simple to show such diverse patterns by varying only two parameters, diffusion rate and initial nutrient concentration. We believe, therefore, that the MSM model is considered to be a good starting model to understand pattern formation of bacterial colonies. 
